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A process for obtaining planar anode-supported solid oxide fuel
cells was developed. Aqueous-based slurries were prepared and
sequentially deposited via tape casting to form half cell tapes
consisting of the electrolyte, functional, and structural anode.
Sintering of the three-layered tapes was done in two stages:
presintering circular samples of 25 mm diameter in free condi-
tions first, and then sintering them using zirconium disks as
light loads (90 Pa), to obtain half cells having 20 mm and
3.8 m1 in diameter and curvature, respectively. Active materi-
als for the electrolyte, anode, and cathode were partially stabi-
lized zirconia (PSZ), Ni and LSM, respectively. Finally,
thicknesses of complete cells were 400, 30, 30, and 80 lm for the
structural anode, functional anode, electrolyte, and cathode,
respectively. The cells were tested in a no-chamber (direct-flame)
setup evaluating electrochemical performance and shock thermal
resistance. Open circuit voltage was 830 mV at 560°C using
methanol as fuel in a burner with porous media to modify the
shape of the flame. Cells were also strong enough to resist the
rapid temperature changes during several no-chamber tests.
I. Introduction
SOLID oxide fuel cells (SOFC) are electrochemical devicesthat convert the chemical energy available in fuels
directly into electricity. As the mechanism of this conversion
is not through shaft work, they are not limited by the second
law of thermodynamics, so that these devices exhibit greater
eﬃciencies than those of the internal combustion engines.
SOFC conﬁguration can be tubular or planar, with the pla
nar having some advantages for stacking and industrial pro
duction.1 Most used electrolyte material is zirconium oxide
in its cubic phase, but for pure ZrO2 this phase is only stable
above 2300°C, while addition of 8 mol% yttrium oxide
(Y2O3) forms a stable mixture with cubic crystalline phase at
about 1000°C,2 so called yttria stabilized zirconia (YSZ).
Partially stabilized zirconia (PSZ) is the name given to
YSZ when the amount of yttrium is not suﬃcient to form
only the cubic phase, presenting instead a mixture of meta
stable tetragonal, cubic, and monoclinic phases of zirconium
oxide. PSZ mechanical properties make it useful for several
applications,3 and its use in fuel cells is under study.4,5 PSZ
is commonly prepared by mixing known quantities of zirco
nium oxide and yttrium oxide at high temperatures, and then
cooled rapidly to obtain the metastable phases. The ﬁnal
composition of the phases depends on the thermal history of
the material, in agreement with the phase diagram for the
yttria zirconia system.2
One concern that may arise about the use of PSZ as com
ponent in SOFC is the microstructure degradation due to the
martensitic transformation of the intergranular tetragonal to
monoclinic phase, causing failure by cracking of the material,
as observed at temperatures around 300°C in the presence of
humidity.6 However, at SOFC operating temperatures this
problem seems to be less deleterious, as PSZ is eﬀectively
used as porous substrate for the anode in so called integrated
planar solid oxide fuel cells (IP SOFC), which have been
developed since the 90 s.7 The use of PSZ is reported in the
literature as an adequate material for the porous substrate in
IP SOFC.8–10 In this design, individual (interconnected)
SOFC cells are attached by the anode to the surfaces of pla
nar porous plates that can be made of PSZ, having wafered
channels so that the humidiﬁed fuel ﬂows through the chan
nels and percolate through the porous media into the anode,
as well as the products leaving the anode.
A versatile process for producing planar SOFCs is tape
casting of slurries prepared with organic solvents and pow
ders of the components of the cell, which are applied over
a smooth surface and dried to obtain thin tapes. These
tapes are often laminated to obtain the green cell, and func
tional layers are usually screen printed on the support after
sintering. Coﬁring half cells (electrolyte and anode) and
ﬁnally application and sinter of the cathode is a reliable
method to obtain planar cells, but the processing technique
must avoid common problems such as delamination and
camber.
Solvent free processing has received special attention in
the recent years for health and environmental aspects11,12 In
a previous work, components were selected for processing
the fuel cells, and formulations were optimized for obtaining
water based slurries to be used for tape casting processing13
Cologna et al.14 studied the sintering of bi layered planar
SOFC obtained by sequential aqueous tape casting. The sam
ples were 280 lm thick, and 2 cm2 active area. They show
that camber during sintering is determined by the particle
size of the YSZ powders used both in the electrolyte and the
anode. Testing two kinds of powders, a ﬁne (d50 0.3 lm)
and a coarse (d50 0.7 lm), the best results obtained were
for ﬁne powder both in the electrolyte and the anode, and
for coarse powder in the electrolyte and a mixture of ﬁne
(50 wt%) and coarse powders in the anode. For other com
binations, the results yield in curved samples both upward
and downward.
Another method to obtain planar fuel cells is the use of
loads during, or after sintering the half cells.15–18 Lee et al.16
applied load during sintering, using ceramic arches, which
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are placed around the cell to support the load in the begin
ning of the process, but that while heating, become planar,
letting the load act gradually over the cell. M€ucke et al.17
and Fischer et al.15 indicated that ﬂattening can be done
after sintering, using a special furnace.
The purpose of this work was to obtain planar SOFC but
ton cells by tape casting, applying aqueous slurries directly
on the predried tapes (sequential tape casting). Anode sup
ported cells are to be obtained, so three kinds of slurries
were applied, including the structural anode, functional
anode, and the electrolyte. These goals of course are in addi
tion to the electrolyte densiﬁcation and gas tightness. A com
parison of the traditional and proposed processing
techniques is presented in Table I.
Sequential tape casting requires special attention to avoid
problems occurring, like rides, mixing, and cracking during
drying the slurries. Rieu et al.19 showed the importance of
carefully controlling the drying conditions of the tapes, tem
perature, ﬂow, and composition of environment to control
the rate of evaporation, especially when using organic
solvents.
In theory, the curvature in sintered multilayered structures
could be estimated, as it depends on the thicknesses, viscosi
ties, and sintering shrinkage of the layers. The normalized
degree of curvature (k) for a bilayer structure is expressed as
follows: (Evans and Hutchinson,20 Cai et al.21)
k ¼ h1 þ h2
R
¼
"
6ðmþ 1Þ2mn
m4n2 þ 2mnð2m2 þ 3mþ 2Þ þ 1
#
ðe2 e1Þ
(1)
where R is the radius of curvature, m ¼ h1h2 and n ¼
g1=ð1m1Þ
g2=ð1m2Þ;
hi, ei, gi, and mi are, respectively, the thickness, strain, viscos
ity, and Poisson′s ratio for each layer.
With this expression, the nominal mismatch stress
ðr^e ¼ E1ðe2 e1ÞÞ can be calculated by measuring the curva
ture of the samples. For a thin layer over a thick support, as
in the case of the half cells, m << 1, Eq. (1) becomes:
k ¼ 6mn
4mnþ 1 ðe2 e1Þ (2)
Thus, for bi layered half cells (electrolyte functional
anode), the mismatch stress is about the residual stress.20
This is an approximate expression useful only for bi layered
structures, that could be useful for predicting curvature of
the samples after sintering, but for three layered structures as
those considered in this work, models have not been
developed yet.
II. Experimental Procedure
(1) Materials
Commercial powders were used to prepare the slurries, for
the electrolyte, PSZ (464228; Aldrich, Saint Louis, MO), and
for the anode, nickel (II) oxide (NiO) (399523; Aldrich).
Chemical composition of the zirconia powder was deter
mined by X Ray Fluorescence (MagixPro PW 2440; Philips,
The Netherlands), using the software IQ + 3.0k (Philips,
Almelo, The Netherlands) for quantiﬁcation. Particle size dis
tribution of these powders was determined using a Malvern
Z nanosizer (Zen 3600; Malvern Instruments, Malvern, UK),
and crystalline phases were determined by X ray diﬀraction
(D4 Endeavor, Bruker AXS; Karlsruhe, Germany).
The compositions of the slurries corresponding to each cell
component are presented in Table II. Water based slurries
were obtained by ball milling the powders in water for 16 h
using ammonium polymethacrylate (Darvan CN; Vanderbilt,
Norwalk, CT) as dispersant. After dispersing the powder, the
acrylic binder (Mowilith LDM 6138; Clariant, Sa˜o Paulo,
Brazil) and fatty acid diethanolamine (Cocamide DEA; Stepan,
Vespasiano, Brazil) were mixed for 30 min, and the slurry was
let to settle for 6 h to remove the excess of bubbles.
Figure 1(a) shows the automatic ﬁlm applicator (1133N;
Sheen Instruments, Cambridge, UK) used to apply the slur
ries. The displaceable bar side moves to the right at a con
stant velocity adjusted by the speed control. In this ﬁgure, a
sample of the silicone coated polyester ﬁlm can be seen (PET
SRF 121; HiFi Industrial Film Ltd, Stevenage, UK). The
ﬁlm was used as substrate, and remained ﬁxed during the
spreading of the slurry. The moving bar pushes the doctor
blade with adjustable micrometer and trapezoidal geometry
(1117; Sheen Instruments, UK) shown in Fig. 1(b). Enough
volume of the slurry is placed along the blade, depending on
the thickness and desired area of the tape, so that it is spread
when the bar pushes the doctor blade, and letting to apply
carefully several layers without damaging the previous ones.
The speed of the doctor blade was set to 50 mm/s. Drying of
the samples was carried out at ambient conditions.
To know the temperature at which organics in the tapes are
to be removed, analyses were done in a thermo gravimetric
analyzer (TGA 2050; TA Instruments, New Castle, DE) fol
lowing the program: 30°C, 1°C/min, 400°C, 5°C/min, 800°C.
For sintering studies, dilatometric test of the structural anode
was performed in a TMA/Dilatometer (S60/58648; SETA
RAM Instrumentation, Caluire, France) following the
program 30°C, 1°C/min, 400°C, 5°C/min, 1500°C.
(2) Bi-Layered Half-Cell Tape Processing
As a ﬁrst approach for obtaining planar half cell samples,
tapes were prepared having an electrolyte layer followed by a
single layer of (functional) anode. As mentioned before, the
tape casting equipment allows the direct application of the
anode slurry over the predried electrolyte layer. For the elec
trolyte, a layer with a thickness of 40 lm it was previously
set, expecting to obtain a thickness of about 30 lm after sin
tering. The ﬁnal doctor blade gap (DBG) was 1250 lm,
which lead to obtain dry tapes of about 400 lm.
(3) Tri-Layered Half-Cell Tape Processing
Structural anode is essentially the same composition as the
functional anode (Table II), but with higher porosity, created
by a sacriﬁcial component during sintering, commercial corn
starch in this case. The sequential tape casting for the tri
layered half cells consisted in applying the electrolyte and
functional anode in thin layers, and then a thicker layer of
structural anode. The slurries were applied in intervals of
Table I. Comparison of Conventional and Proposed SOFC
Processing Techniques
Parameter
Conventional
processing This work
Tape casting Individual Sequential
electrolyte anode
Solvent Organic Water
Thermopressing Laminating sheets
of electrolyte anode
N/A
Presintering
temperature (°C)
N/A 1050
Sintering
temperature (°C)
1400 1450
Load on
sintering (Pa)
0 90
Load after
sintering (Pa)
400 2000 0
Cathode forming Screen printing Painting
Table Il. Slurries Composition for the Electrolyte, J<'unctional, and Structural Anode 
Function Substance 
Electrolyte 
Anode 
Pore former 
Binder 
Dispersant 
Surfactant 
Solvent 
PSZ 
NiO 
Starch 
Acrylic esther 
Ammonium polymethacrylate 
Fatty acid DEA 
Water 
(a) 
Fig. 1. Automatic film applicator (a) and doctor blade (b) used to 
obtain bi and tri layered tapes. 
about 30 min, so that the tapes were not completely dried. 
As in the case of bi layered tape, the final DBG was also 
1250 µm, which led to obtain dry tapes of about 400 µm. 
( 4) Sintering
Tape samples were eut in circles of different diameters rang 
ing from 14 to 26 mm, and sintered with the electrolyte 
facing up in a high temperature fumaœ (VFI; Vecstar 
Fumaœs, Chesterfield, UK). The sintering program in the 
fumaœ was: 1°C/min, 450°C I h, 3°C/min, 1450°C 3 h, 5°C/ 
min, 25°C. 
Before applying loads, it was necessary to remove the 
organics and presinter samples to obtain enough mechanical 
strength to hold the loads without breaking them. A low 
weight was also desired, so that the sample does not need a 
high strength, in other words, it was necessary to find a bal 
ance between the weight of the load and the presintering 
temperature. In this way, the densification proœss was car 
ried out simultaneously with the flattening treatment, allow 
ing particles to accommodate, reducing the residual stresses. 
Porosity of the half cells was determined by the ASTM
C37322 method. This method consists in the submersion of 
the porous samples in boiling water for 5 h. After cooling, 
Cell component (wt%) 
Electrolyte Functional anode Structural anode 
55.0 22.0 18.0 
0.0 33.0 27.0 
0.0 0.0 10.0 
25.0 25.0 25.0 
1.0 1.0 1.0 
2.5 2.5 2.5 
16.5 16.5 16.5 
the weights of the wet and dry samples were compared to 
determine the weight (volume) of water absorbed. The total 
volume of the sample was obtained by Archimedes, so that 
the volume fraction could be estimated. An advantage of this 
method is to determine the open porosity, so that the result 
gives also an idea of the percolation in the porous media. 
Curvature (R- 1) was used as variable for measuring and 
determining the effectiveness of the process for obtaining fiat 
sarnples. Data from other authors were converted into this 
variable for cornparison purposes. 
To estimate the curvature, the expression found in ASTM
B 106 0823 was used: 
8(d T) 
- = ________ ...._ __ ___,,,. 
D2 +4(d T)T+4(d T)2 R 
(3) 
where D is the diameter, T is the thickness, and d is the 
deflection of the sample, as shown in Fig. 2. 
Microstructures of the sintered samples were characterized 
by Scanning Electron Microscopy (SEM) using JEOL Micro 
scopes (JSM6400, and JSM6390LV; JEOL, Tokyo, Japan). 
(5) Cells Finishing
A mixture of powders having 60 wt¾ lanthanum strontium 
manganite, La0.sSr0_2MnO3, LSM 20 (704296; Aldrich) and 
40 wt¾ PSZ (464228; Aldrich) was used to prepare the 
slurry for the cathode. The slurry was prepared using the 
same procedure as described for the electrolyte and anode 
slurries, and was applied by directly painting it on the elec 
trolyte, leaving about 2 mm in the border unpainted. The 
active area of the cells was 1.8 cm2 • 
After painting, the complete cell was sintered using the fol 
lowing program: 1°C/min, 450°C I h, 3°C/min, 1100°C 3 h, 
5°C/min. The direct application of LSM cathode directly on 
the electrolyte was not ideal, because of the known reaction 
between ZrO2 and LSM to fonn phases such as 
La2Zr2O7 .
24
•
25 Nevertheless, for simplicity in processing stud 
ies like here, these reactions can be tolerable at some extent 
considering the acceptable results found in literature working 
in this way. 18.26•27 The reason to follow this proœssing 
_i_d .... ------,.�1
Fig. 2. Variables for calculating curvature according to ASTM 
Bl06. 
sequence was the Jack of the equipment necessary to deposit 
a very thin layer of a ceria based electrolyte before the 
cathode application. Sorne measures were also taken, trying 
to lower the reaction kinetics, such as using the lower possi 
ble sintering temperature time (ensurin� cathode adhesion),
and the 60 40 proportion in LSM PSZ.2 
(6) Electrocl,emic{tf Testing
Electrochemical characterization of the cells was performed 
in an 855 Fuel Cell Test System (855 SOFC Test; Scribner 
Associates Inc., Southern Pines, NC), in a no chamber setup. 
The test consists in operating the cell usin§ a flame of a
buming fuel as source both of heat and fuei.2 In Fig. 3, it is 
shown a sketch of the setup used. In this design, a porous 
media is used to stabilize the flame and to improve the effi 
ciency of the combustion by preheating the fueI.29·30 The
liquid fuel (methanol) enters as liquid from the bottom, being 
heated and vaporized inside, and burns over the surface of 
the porous media. The flame surrounds the bottom of the 
cell facing the anode, so that contact is favored with the 
inner region of the flame, which is rich in hydrogen and car 
bon monoxide that are used as fuel for the cell.31 The top 
part is open to atmosphere, so that the cathode has a source 
of oxygen in the air.32 
The temperature was measured using a thermocouple 
(type K) placed in contact to the surface of the anode in the 
center of the cell, as depicted in Fig. 3. Temperature gradients 
are expected to occur, but they were difficult to measure. It is 
expected, for instance, that in the outer region close to the 
border of the anode the temperature was higher, as it was the 
place for the exothermic reactions to happen, but at the same 
time in this region there is almost neither H2 nor CO, for the 
cell to couvert and increase the current density.28 In these
terms, the center of the cell is a representative location for 
measuring the temperature. Other consideration about tem 
perature was that during the electrochemical tests it was not 
set to some target, but it was rather measured in the most sta 
ble conditions obtained in the available experimental setup. 
III. Results and Discussion
(]) Zirconia Powder Cltaracterization 
Chernical composition of the zirconia powder is presented in 
Table III. Molar composition of ytrium oxide is about 5%, 
which corresponds to, PSZ.2 Particle size for the zirconia 
powder was found to be d
:JJ 
0.47 µm (d10 0.26 µm, 
"9o 0.85 µm). Analysis by X ray diffraction for zirconia 
powder (Fig. 4) shows a mixture containing mainly cubic 
(PDF: 00 030 1468) and tetragonal phases (00 048 0224) and 
a small amount of monoclinic phase (PDF: 01 070 2491), as 
expected for PSZ. The cubic phase is the ionic conducting 
phase, so the presence of the tetragonal phase reduces the 
conductivity, but also improves the mechanical strength of 
the material, so it was interesting to test the performance of 
the cell with this material. 
FUELCELL-{ 
POROUS MEDIA { 
BURNING 
Il<m 
Air 1 
t Fuel 
r Cathode r Electrolyte 
._rAnode 
Thermocouple 
'-Flame 
Fig. 3. No chamber setup for testing solid oxide fuel cells. 
Table Ill. Chemical Composition of PSZ by X-Ray 
fluorescence 
Composition 
Compound/Element (wt%) (mol%) 
ZrO2 88.48 92.28 
Y2Ü3 8.83 5.03 
HfO2 1.98 1.21 
Mgü 0.18 0.57 
Tl 0.18 0.11 
La 0.15 0.14 
s 0.14 0.57 
As 0.06 0.10 
(2) NiO Powder Cltamcterization
Particle size distribution for NiO was d50 1.34 µm 
(d10 1.08 µm, "90 1.72 µm), which is about three times 
the size of the YSZ, and adequate for the anode perfor 
mance, as suggested in the Jiterature33·34. XRD analysis of 
the powder shown in Fig. 5 indicates that is entirely corn 
posed by NiO as bunsenite cubic phase (PDF: 01 071 1179). 
(3) Anode and Electrolyte T{tpes Clt{tracterization
Results from thermogravimetric analyses are shown in Fig. 6. 
As it can be seen, organics removal begins at about 250°C 
and finishes at about 500°C for the electrolyte and about 
400°C for the anode. Accordingly, the heating rate must be 
slow until about 450°C, after that, heating rate can be 
increased. 
Results of dilatometric test of the structural anode are 
shown in Fig. 7 for the specific shrinkage (a) and shrinking 
rate (b) that organics removal creates an initial expansion 
and that the sintering begins at about 1000°C with maximum 
shrinking rate at 1250°C [Fig. 5(b)], with a total shrinkage of 
23%. 
(4) Bi-Layered H{tlf-Cell Processing
Tapes were eut in circular samples having 26 mm diameter 
and sintered based on the results of TGA and dilatometric 
analyses. The sintered sarnples had an average diameter of 
16.7 mm, which represent a shrinkage of about 24% in 
agreement with the dilatometric results. Sorne camber was 
observed, but there were no other problems such as delami 
nating or cracks. 
The curvature for the sintered samples and its uncertainty 
were calculated based on the Eq. (3), results are shown in 
Table IV. Uncertainty for the curvature was calculated 
according to the Jaw of propagation of uncertainty.35 The
reported value in the table is that of the combined 
uncertainty, so for a confidence Jevel of 68%, the value of 
curvature is 31 ± 7 m-1. 
In Fig. 8, the SEM images are shown for the bi Jayered 
half cell, as well as the respective chemical analysis. It can be 
seen that the electrolyte is well defined with a thickness of 
about 20 µm, showing good densification, whereas the anode 
shows good distribution of the PSZ and the NiO, and 
porosity . 
(5) Tri-Layered Half-Cell Processing
An image of one of the tapes obtained by sequential tape 
casting is presented in Fig. 9. It was possible to process tapes 
with area over 100 cm2. 
(6) Sintering witlumt Loatls
For the first tests, no Joad was applied for sintering, and the 
tri Jayered tapes were eut in circular samples having four 
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Fig. 4. XRD pattern of partially stabilized zirconia powder. 
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1000 
Fig. 6. Thermogravimetric analyses for the tapes of electrolyte and 
anode. 
different diameters (14, 16, 18, and 26 mm) to evaluate the 
effect of the diameter on the curvature, what is shown in 
Fig. 10. lt may be seen that there is a deleterious effect when 
cutting samples below 18 mm. 
For 26 mm samples, the curvature after sintering is lower 
than for the bi layered samples, as shown in Table V. In this 
case, the curvature is 15 ± 4 m- 1 for a level of confidence of 
68%. These results are comparable to those obtained by 
Park et al., 18 and Cologna et al. 14 
5% 
0% 
-5%
.3 ':)--10% 
-15%
-20%
-25%
0 
0 
500 1000 
Tempenture (°C) 
(a) 
500 1000 
Temperature ('C) 
(b) 
1500 2000 
1500 2000 
Fig. 7. Dilatometric test for the structural anode: Specific shrinkage 
(a) and shrinking rate (b).
Table IV. Curvature of the Bi-Layered Half Cells Sintered 
at 1450°C Without Load 
Average 
Uncertainty 
Diameter 
(D, mm) 
18.198 
0.464 
Thickness 
(T, mm) 
0.419 
0.022 
Deflection 
(d, mm) 
1.889 
0.223 
(7) Constrained Sintering Using Lo{tt/S
Curvature 
(1/R,m 1) 
31.7 
5.7 
After several tests, it was found adequate to presinter the
samples up to 1050°C, followed by sintering up to 1450°C
using YSZ disks (4.9 g) as load for flattening treatment,
equivalent to 90 Pa, considering samples having 26 mm
diameter. This is considered a low charge, compared to the
values reported by Park et al., 18 being in the range
460 1700 Pa. The sintering profile and some of the half œlls
obtained are shown in Fig. 11.
Zr Ni 
Fig. 8. SEM images with chemical analysis for Zr and Ni for the bi layered half cell. 
Fig. 9. Tape obtained by sequential tape casting, showing 
electrolyte, functional, and structural anode layers. 
0.09 �-----------------� 
0.08 
- 0.07 
E 0.06 
!, 0.05 
1 0.04 
a 
o.o3
0.02 
0.01 
0+------,.------.-------r------t 
10 15 20 25 30 
Dlameter before slnterlng (mm) 
Fig. 10. Curvature of the sintered samples without load having 
initial thickness of 400 µm. 
Table V. Curvature of the Tri-Layered Half Cells Sintered 
Without Load at 1450°C 
Diameter Thickœss Detlection Curvarore 
(D, mm) (T, mm) (d, mm) (1/R, m 1) 
Average 19.724 0.578 1.413 15.3 
Uncertainty 0.129 0.036 0.181 3.8 
With this procedure, fiat samples were obtained with aver 
age curvature of 3.8 m-1 and an expanded uncertainty of 
3.9 m-1, as presented in Table VI. This result means that 
curvature must be between 0 and 7.7 m- 1 for the 68% of the 
samples. 
For comparison, Fig. 12 shows the curvature of samples 
sintered with and without loads, for the results obtained in 
this work, and data adapted from other references. The work 
(a) 
--Noload 
0 "-,--..,.._..,......,...-t --- Load 
0 6 12 18 24 30 
lime (h) 
(b) 
Fig. 11. Sintering in two stages using yttria stabilized zirconia disk 
load in the second stage. (a) Samples obtained, (b) Sintering profile. 
Table VI. Curvature of the Cells Sintered at 1450°C Using 
Load 
Diameter Thickness Deftection Curvature 
(D, mm) (T, mm) (d, mm) (1/R, m 1) 
Average 20.018 0.396 0.602 3.8 
Uncertainty 0.281 0.078 0.171 3.8 
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Fig, 12, Effect of the use of loads on the curvature of the half cells. 
of Mücke et al., 17 shows the best results without loads, but 
has the drawback of being at a very low heating rate. A fiat 
tening treatrnent using loads after sintering is also reported, 
resulting in extended heat treatrnents. 
Figure 13 shows the SEM images of the surface of the 
electrolyte. lt may be seen that there are no cracks and a 
grain size of about 300 nm. 
The XRD of the same surface in Fig. 14 shows evidence 
for the cubic (PDF: 00 030 1468) and the tetragonal (PDF: 
00 048 0224) phases, in contrast to the XRD of the powder 
(Fig. 4), where there was evidence of monoclinic phase. Fur 
therrnore, the peaks for cubic and tetragonal phases are 
enhanced, indicating also an increase in crystallinity. Srivast 
ava et al.36 showed that XRD is useful to differentiate the 
cubic and tetragonal phases for PSZ because there is an 
splitting of the peaks for cubic phase into two peaks for the 
tetragonal phase, as may be seen in the angles 34° 35°, 
59° 60°, and 73° 75°. Another feature is the absence of 
peaks of NiO, indicating that there was no contamination or 
mixing of the anode to the electrolyte layers. 
SEM image for the cross section of the tri layered half œll 
in Fig. 15 shows the porosity gradient desired for the struc 
tural and the functional anode, as well as the densification 
and thinness of the electrolyte. 
Porosity of the half cells deterrnined by the ASTM C37322 
method, was found to be 38%, which is adequate for SOFC 
applications, considering the method is for deterrnining open 
porosity. 
(8) Cell Finishing
The SEM Image of the complete cell is shown in Fig. 16. An 
adequate adhesion of the cathode to the electrolyte was
obtained. After the anode reduction, the porosity was 47%
both for the samples with and without flattening treatrnent,
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Fig, 13. SEM images of the half cell facing the electrolyte (a) 
surface, (b) grain detail. 
indicating that the treatrnent does not affects the porosity. 
These results are also in agreement with literature reports of 
increasing porosity in about 10% after anode reduction33 , 
(9) Electrochemical Chamcterization
Figure 17 shows the cell potential for a 50 min test at 560°C
when applied different electronic loads during electrochemical
characterization. This temperature is lower than that reported
by Sun et al.37 for a no chamber setup using methanol
(~710°C). lt may be explained because in their work a free
flame was used, whereas in this work a porous media was
employed to modify the shape of the flame,
Tests were done for several times showing relative stability 
for the potential, being more stable when increasing the 
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Fig, 14, XRD analyses of the partially s tabilized zirconia electrolyte of the sin tered half cell. 
Structural Anode:~ 300 µm 
Funct1onal Anode: ~30 µm 
_Electrolyte:~ 30 µm 
Fig. 15. SEM image of the cross section for the tri layered half œll 
before reduction. 
Structural Anode: ~400 µm 
Functional Anode:~ 30 µm 
Electrolyte:~ 30 µm 
Cathode: ~80 µm 
Fig. 16. SEM image of the cross section of the tri layered complete 
cell. 
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Fig. 17. Electrochemical test of cell potential as a function of time 
when applied different electronic loads. 
electronic Joad. With the average data collected from the test 
shown in Fig. 17, was constructed the polarization curve for 
the cell, as presented in Fig. 18. 
Results show that the activation overpotential of the cell is 
governing on the ohmic and concentration overpotentials, 
this can be attributed essentially to the low temperature of 
operation, not enough for the ionic conductivity of the PSZ 
to be adequate for the cell operation. Temperature was 
increased by separating the cell and the bumer, but the flame 
became unstable so that the test was not reproducible. Other 
tests using cubic YSZ show the same performance,29 so that 
this behavior is not attributed to the composition of the 
electrolyte. 
This low electrochemical performance can also be attrib 
uted to the low conductivity and catalytic activity of LSM
for the cathodic reaction, together with the difficulty for 
oxygen diffusion associated with the no chamber setup. 
Postmortem analysis by SEM showed higher porosity of 
the cells, especially in the functional anode, and a good adhe 
sion of the cathode to the electrolyte, as shown in Fig. 19. 
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Fig. 18. Electrochemical characterization of the fuel cell. 
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Fig. 19. SEM image of the cell after electrochemical testing. 
IV. Conclusions
The processing technique using aqueous based slurries and 
sequential tape casting allow to produce SOFC having a 
thin, dense electrolyte, and two well distributed and porosity 
differentiated anodes: a thin one (functional), and a thick 
one (structural). Applying the electrolyte slurry at first, and 
sintering samples facing up, allows producing a structure 
where a thin dense layer is to be well attached to a porous 
structure. 
The flattening treatment using light loads applied on pres 
intered samples (constrained sintering) was successful since in 
the early stage of the sintering process, the necks formed are 
enough to support the Joad, and then, the densification pro 
cess follow the physical restriction of the planar surfaces in 
the absence of high stresses. This is in contrast of using loads 
after full sintering, where the particles were fixed in a certain 
position, of minimum energy. This would be disturbed by 
the Jate flattening treatment, which would require higher 
loads, creating residual stresses, and affecting the porosity. 
The cells effectively resisted the thermal and mechanical 
stresses during testing. Even in the extreme conditions of 
thermal shock during the no chamber tests, where tempera
ture changed from room to more than 600°C in Jess than
1 min, and for several times, there were no failing sarnples 
by cracking. 
The open circuit voltage obtained, higher than 800 mV, 
show that PSZ (cubic + tetragonal) has a potential use as 
SOFC component. The mechanical resistance of the cells 
produced, makes PSZ an attractive material as alternative 
for the full cubic YSZ. 
Poor electrochernical performance of the cells, may be 
attributed to the formation of isolating phases in the cath 
ode, low ionic conductivity of PSZ, and low electronic
conductivity, and catalytic activity of the LSM at the operat
ing temperature, as well as the nature of the no chamber
setup for the test.
Obtained results allowed showing that the processing
technique is adequate for obtaining SOFC, and that the no
chamber setup is an alternative for testing SOFC in labora
tory, as a simple, fast, and non destructive test. This same
setup is of interest also for Combined Heat and Power applica
tions.
Among the issues to be improved, the more relevant in the
scope of this article are those related to increase in the area
and current density of the cells. For the area, the limiting step
was the availability of wider loads to apply for constrained sin
tering, but working with larger samples will surely bring other
problems, due to the higher failure probability. Thus, requiring
to adjust the shrinking rates and presintering temperature, for
instance. Regarding the improvement of the current density,
there are two fronts: the cell itself, and the no chamber setup
for testing. Again, for the scope of this work, it would be
desired to try to increase the operating temperature of the cell
by modifying the burner, and using the ceria interlayer to
avoid the reaction with the cathode in the cell.
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